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A. Alia
aDeutsches Elektronen-Synchrotron DESY
Notkestraße 85, D-22603 Hamburg, FRG
We review the theory and experimental measurements in the flavour changing neutral current (FCNC) processes
involving B decays in the context of the standard model (SM). The role of these processes in determining the
weak mixing matrix elements is stressed.
1. The interest in FCNC Processes
In SM, there are no FCNC processes present at
the tree level due to the built-in GIM Mechanism
[1]. They are induced by higher orders (Penguins
and Boxes) and QCD plays an essential role in de-
termining their amplitudes. Their rates show sen-
sitivity to higher scales. For example, the KL-KS
mass difference ∆MK is sensitive to the charmed
quark mass. The estimate of mc = O(2) GeV
based on the analysis of ∆MK by Ben Lee and
Mary Gaillard in 1974 was a good long shot [2].
In contrast, FCNC B decays are governed by the
intermediate top quark state. The first indica-
tion of the large (in excess of 100 GeV) top quark
mass came from the measurement of a sizable B0d-
B0d mixing by the ARGUS collaboration almost
a decade ago [3]. This has been confirmed sub-
sequently by the direct production experiments
at the Tevatron [4]. With the present value
mt = 175±6 GeV and the projected precision on
mt at the upgraded Tevatron δmt ≃ 1 GeV [5],
FCNC B decays are probably not competitive in
the precise determination of the top quark mass.
However, they do provide quantitative informa-
tion on the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements [6] |Vtd|, |Vts|, and |Vtb|. These
quantities are hard to get in direct production
and decays of the top quark, with the exception
of |Vtb| for which first measurements from CDF
already exist |Vtb| = 0.97 ± 0.15 ± 0.07 [5], and
which can be vastly improved at the linear collid-
ers (a precision of δ|Vtb|/|Vtb| = 1% is projected
[7]). Hence, FCNC processes will remain in the
foreseeable future the only means to measure the
matrix elements |Vtd| and |Vts|. Thus, the interest
in FCNC decays can be formulated as follows:
• They measure the parameters of the CKM
matrix and play a central role in testing the
unitarity of this matrix.
• They are vitally important in measuring CP
violation in flavour changing processes. The
only example (so far) of CP violation is in
the K0-K0 sector; the quantity |ǫ| is related
to the phase in the non-diagonal elements of
the K0-K0 mass matrix. Measurements of
the CP-violating quantity ǫ′/ǫ in the kaon
sector and the phases α, β, γ in the B sec-
tor involve particle-antiparticle mixings.
• They offer fertile testing grounds for
QCD; the available techniques (Perturba-
tive QCD, Heavy quark effective theory
HQET, Lattice-QCD, QCD-sumrules) are
directly applicable in these decays.
• They may reveal new physics, such as su-
persymmetry SUSY, more generations, lep-
toquarks, etc.
• Most importantly, they are accessible at the
present and planned experimental facilities
(CESR, LEP/SLC, Tevatron, B Factories,
HERA-B/LHC, K factories).
2. Examples of FCNC processes
FCNC K decays have had a glorious past!
They had a great impact on the development
of the SM. In particular, the six-quark model of
2Kobayashi and Maskawa, with a complex phase
in the quark mixing matrix, was proposed to ac-
commodate |ǫ| in the SM. The future interest in
K decays is being reviewed by Buchalla at this
conference [8].
One does not anticipate measurable rates in-
volving FCNC decays of the D and Ds mesons
or the Λc baryons in the SM. This is dictated by
the GIM construction and the known pattern of
the quark masses and mixing matrix. No drastic
enhancements of FCNC decays in the charmed
sector are expected in the minimal extensions of
the SM either, such as supersymmetry. How-
ever, in more drastic scenarios beyond the SM -
such as the existence of around the corner lepto-
quarks - measurable effects may show themselves
in the FCNC charmed hadron decays. These pro-
cesses include D0 - D0 mixing and CP Violation;
D0 → µ+µ−, D± → π±µ+µ− etc. Their experi-
mental searches must be set forth, as emphasized
at this meeting by Golowich [9].
Several FCNC transitions have been measured
in B decays. Many more are expected to be
measured, with the SM-based decay rates being
close to their respective experimental upper lim-
its. Some of the experimentally interesting FCNC
processes in B decays are listed below.
• B0d-B0d and B0s -B0s mixings,
• Electromagnetic penguins: B → Xs + γ,
B → K∗ + γ, B → Xd + γ, B → (ρ, ω) + γ
• FCNC Semileptonic Decays: B → Xs +
ℓ+ℓ−, B → (K,K∗) + ℓ+ℓ−, B → Xd +
ℓ+ℓ−, B → (π, ρ, ω) + ℓ+ℓ−, B → (Xs, Xd) +
νν¯, B → (K,K∗, π, ρ) + νν¯
• FCNC Leptonic and radiative Decays:
B0s → ℓ+ℓ−, B0s → γγ.
This article briefly reviews the theory of several
decay modes listed above. Comparisons of the
SM estimates with experiment are made wherever
such information is available. This is used to de-
termine the CKM matrix elements. The possibil-
ity of observing beyond-the-SM physics in FCNC
B decays is also briefly discussed.
3. Estimates of B(B → Xs + γ) and |Vts| in
the Standard Model
We start with the decay B → Xs + γ, which
has been measured by CLEO [10]. This was pre-
ceded by the measurement of the exclusive decay
B → K⋆+ γ by the same collaboration [11]. The
present measurements give [12]:
B(B → Xs + γ) = (2.32± 0.57± 0.35)× 10−4,
B(B → K⋆ + γ) = (4.2± 0.8± 0.6)× 10−5, (1)
yielding an exclusive-to-inclusive ratio:
RK∗ =
Γ(B → K⋆ + γ)
Γ(B → Xs + γ) = (18.1± 6.8)% . (2)
The decay rates in eqs. (1) determine the ratio
of the CKM matrix elements |Vts|/|Vcb| and the
quantity RK∗ provides information on the decay
form factor in B → K⋆ + γ. In what follows we
take up these points.
The leading contribution to b → s + γ arises
at one-loop from the so-called penguin diagrams.
With the help of the unitarity of the CKMmatrix,
the decay matrix element in the lowest order can
be written as:
M(b→ s + γ) = GF√
2
e
2π2
λt(F2(xt)− F2(xc))
× qµǫν s¯σµν(mbR + msL)b . (3)
where GF is the Fermi coupling constant, e =√
4παem, xi = m
2
i /m
2
W ; qµ and ǫµ are, respec-
tively, the photon four-momentum and polariza-
tion vector. The GIM mechanism [1] is mani-
fest in this amplitude and the CKM-matrix el-
ement dependence is factorized in λt ≡ VtbV ∗ts.
The (modified) Inami-Lim function F2(xi) de-
rived from the (1-loop) penguin diagrams is given
by [13]:
F2(x) =
x
24(x− 1)4
× [6x(3x− 2) log x− (x− 1)(8x2 + 5x− 7)] .
(4)
The measurement of the branching ratio for B →
Xs + γ can be readily interpreted in terms of the
CKM-matrix element product λt/|Vcb| or equiv-
alently |Vts|/|Vcb|. For a quantitative determina-
tion, however, QCD radiative corrections have to
3be computed and the contribution of the so-called
long-distance (LD) effects estimated.
The appropriate framework to incorporate
QCD corrections is that of an effective theory ob-
tained by integrating out the heavy degrees of
freedom, which in the present context are the top
quark andW± bosons. The effective Hamiltonian
depends on the underlying theory and for the SM
one has (keeping operators up to dimension 6),
Heff (b→ s+γ) = −4GF√
2
V ∗tsVtb
8∑
i=1
Ci(µ)Oi(µ),(5)
where the operator basis, the lowest order
“matching conditions” Ci(mW ) and the renor-
malized coefficients Ci(µ) can be seen in ref. [14].
The perturbative QCD corrections to the decay
rate Γ(B → Xs + γ) have two distinct contribu-
tions:
• Corrections to the Wilson coefficients
Ci(µ), calculated with the help of the renor-
malization group equation, whose solution
requires the knowledge of the anomalous di-
mension matrix in a given order in αs.
• Corrections to the matrix elements of the
operators Oi entering through the effective
Hamiltonian at the scale µ = O(mb).
The leading logarithmic (LL) corrections have
been calculated by several independent groups in
the complete operator basis [15]. The LL QCD-
enhancement in the decay rates for B → Xs + γ
is a good factor, about 2.5. First calculations of
the NLO corrections to the anomalous dimension
matrix have been recently reported by Chetyrkin,
Misiak and Mu¨nz [16]. The total influence of the
next-to-leading (NLO) anomalous dimension on
the effective coefficient for the B → Xs+γ decay,
Ceff7 (µ = mb), is found to be modest and not to
exceed 6% in decay rate. This is based on using
the existing results on the NLO matching con-
ditions, i.e.,the Wilson coefficients Ci(µ = mW ).
Of these, the first six corresponding to the four-
quark operators have been derived by Buras et
al. [17], and the remaining two C7(µ = mW ) and
C8(µ = mW ) have been worked out by Adel and
Yao [18]. These latter are being recalculated, to-
gether with the renormalization scheme depen-
dence [19]. In what follows we shall use the NLO
anomalous dimension correction from [16].
The NLO corrections to the matrix elements
are now available completely. They are of two
kinds:
• QCD Bremsstrahlung corrections b→ sγ +
g, which are needed both to cancel the in-
frared divergences in the decay rate for B →
Xs + γ and in obtaining a non-trivial QCD
contribution to the photon energy spectrum
in the inclusive decay B → Xs + γ.
• Next-to-leading order virtual corrections to
the matrix elements in the decay b→ s+γ.
The Bremsstrahlung corrections were calculated
in [20,21] in the truncated basis and subsequently
in the complete operator basis [22,23]. The NLO
virtual corrections have also been calculated in
the meanwhile [24]. They have played a key role
in reducing the scale-dependence of the LL inclu-
sive decay width. All of these pieces can be com-
bined to get the NLO decay width Γ(B → Xs+γ)
and the details can be seen in [16]. It is customary
to express the branching ratio B(B → Xs + γ) in
terms of the semileptonic decay branching ratio
B(B → Xℓνℓ),
B(B → Xsγ) = [Γ(B → γ +Xs)
ΓSL
]th B(B → Xℓνℓ),(6)
where the leading-order QCD corrected expres-
sion for ΓSL can be seen in [14].
In addition to the perturbative QCD improve-
ments discussed above, also the leading power
corrections in 1/mb have been calculated to the
numerator and denominator in eq. 6 [25,26]. The
leading order (1/mb) power corrections in the
heavy quark expansion are identical in the inclu-
sive decay rates for B → Xs + γ and B → Xℓνℓ,
as far as the kinetic energy term is concerned (in
the HQET jargon the term proportional to λ1).
The correction proportional to the magnetic mo-
ment term (i.e., involving λ2) are not identical
in the two decay rates but differ only marginally.
Thus, including or neglecting these corrections in
the above equation makes a difference of only 1%
in B(B → Xs + γ).
4Using |V ∗tsVtb/Vcb| = 0.976 ± 0.010 obtained
from the unitarity constraints and current val-
ues of the various input parameters, the short-
distance contribution is estimated in [16] as:
B(B → Xs + γ) = (3.28± 0.33)× 10−4 , (7)
where all the errors have been combined in
quadrature. This is compatible with though
marginally larger than the present measurement
B(B → Xs+ γ) = (2.32± 0.67)× 10−4 [10]. This
comparison can also be expressed in terms of the
relevant CKM matrix element ratio, yielding
|V
∗
tsVtb
Vcb
| = 0.82± 0.11(expt)± 0.04(th), (8)
which is within errors consistent with the esti-
mate obtained from the unitarity of the CKM
matrix, quoted above. Using the present value
of Vtb ≃ 1 and |Vcb| = 0.0393 ± 0.0028 [27], this
gives
|Vts| = 0.032± 0.006 . (9)
With the perturbative corrections under con-
trol, the question is how important are the non-
perturbative corrections in B → Xs + γ? In a
recent paper, it has been argued by Voloshin [28]
that the inclusive decay rate for B → Xs+γ con-
tains a non-perturbative correction, whose scale is
set bym−1c rather thanm
−1
b . Such terms are gen-
erated in the lowest non-trivial order by the inter-
mediate cc¯ state with the radiation of a photon
and gluon, if one expands the amplitude in the
small gluon-momentum limit. To leading order
in αs and O(Λ
2
QCD/m
2
c), Voloshin finds a cor-
rection in the inclusive radiative decay rate [28]:
δΓ(B → Xs + γ)
Γ(B → Xs + γ) =
1
9C7
λ2
m2c
≃ −0.025 , (10)
where λ2 = 1/4(M
2
B∗ −M2B) ≃ 0.12 GeV2 char-
acterizes the chromomagnetic interaction of the b
quark inside the B hadron. While, numerically,
this correction is innocuous, one should be a little
wary about the above estimate as it is based on
using the leading order power correction.
Discussing this point further, we note that in
the perturbative calculations of the diagrams dis-
cussed by Voloshin, first carried out for the pho-
ton energy spectrum in B → Xs + γ in [20,21],
one does not encounter the term shown in eq. (10)
in the inclusive decay width. The real and vir-
tual gluon bremsstrahlung corrections integrat-
ing over the appropriate phase space yield an in-
clusive decay width which is finite in the limit
mc → 0 (equivalently mu → 0). One suspects,
though it remains to be proven, that an appro-
priately resummed expansion of the power cor-
rections should yield a smooth behaviour as well,
i.e. the resulting expression for the inclusive de-
cay width is not divergent as mc → 0 or mu → 0.
In fact, were contributions like the one in
eq. (10) present, the problem of power correc-
tions would become much more acute in calcu-
lating the decay width for the CKM-suppressed
decay B → Xd + γ, where the intermediate uu¯
state is not suppressed by the CKM factor, un-
like in the decay B → Xs + γ. In this case, ex-
panding in the small gluon momentum limit, one
gets formally a correction of O(Λ2QCD/m
2
u) in the
inclusive decay width, which would completely
overwhelm the corresponding perturbative contri-
bution. The very appearance of the light quark
masses in the denominator is a signal that the
effect being calculated is non-perturbative.
Our tentative conclusion is that while non-
perturbative contributions from the intermediate
uu¯ and cc¯ states are certainly present in the de-
cay widths for B → Xs + γ and B → Xd + γ
- the so-called long distance (LD) contributions
- a straight forward use of the operator product
expansion is not expected to yield trust worthy
results. One is better off by using data to cal-
culate the LD-amplitudes without invoking any
expansion in the quark masses. Alternative esti-
mates of the LD-effects based on phenomenologi-
cal models along these lines have been given in a
number of papers. They yield typically [29–31]:
M(B → Xs + γ)LD
M(B → Xs + γ)SD
≤ 0.1 . (11)
With the perturbative QCD improvement at
hand, theoretical accuracy of the decay rate
for B → Xs + γ is now limited by the non-
perturbative LD contributions. They deserve fur-
ther study.
The exclusive-to-inclusive ratio RK∗ has been
worked out in a number of models. The present
5estimates are based on calculating the matrix el-
ements of the electromagnetic penguin operator,
i.e., they implicitly assume the SD-dominance,
neglecting the LD contribution. Taken on their
face value, different models give a rather large
theoretical dispersion on RK∗ . However, one
should stress that QCD sum rules and models
based on quark-hadron duality give values which
are in good agreement with the CLEO measure-
ments. Some representative results are:
RK∗ = 0.20± 0.06 [Ball [32]],
RK∗ = 0.17± 0.05 [Colangelo et al. [32]],
RK∗ = 0.16± 0.05 [Ali, Braun & Simma [33]],
RK∗ = 0.16± 0.05 [Narison [32]],
RK∗ = 0.13± 0.03 [Ali & Greub [20]]. (12)
Summarizing this section, it is fair to conclude
that SM gives a good account of data in electro-
magnetic penguin decays in inclusive rates, pho-
ton energy spectrum, and the ratio RK∗ , but non-
perturbative contributions deserve further study.
4. Inclusive radiative decay B → Xd+γ and
constraints on the CKM parameters
The quantity of interest in the decays B →
Xd + γ is the high energy part of the photon en-
ergy spectrum, which has to be measured requir-
ing that the hadronic system Xd recoiling against
the photon does not contain strange hadrons to
suppress the large-Eγ photons from the decay
B → Xs + γ. Assuming that this is feasible, one
can determine from the ratio of the decay rates
B(B → Xd + γ)/B(B → Xs + γ) the parameters
of the CKM matrix. This measurement was first
proposed in [21], where the photon energy spectra
were also worked out.
In close analogy with the B → Xs + γ case
discussed earlier, the complete set of dimension-6
operators relevant for the processes b → dγ and
b→ dγg can be written as:
Heff (b→ d) = −4GF√
2
ξt
8∑
j=1
Cj(µ) Oˆj(µ), (13)
where ξj = Vjb V
∗
jd with j = t, c, u. The operators
Oˆj , j = 1, 2, have implicit in them CKM fac-
tors. We shall use the Wolfenstein parametriza-
tion [34], in which case the matrix is determined
in terms of the four parameters A, λ = sin θC , ρ
and η, and one can express the above factors as :
ξu = Aλ
3 (ρ−iη), ξc = −Aλ3, ξt = −ξu−ξc.(14)
We note that all three CKM-angle-dependent
quantities ξj are of the same order of magnitude,
O(λ3). It is convenient to define the operators Oˆ1
and Oˆ2 entering in Heff (b→ d) as follows [21]:
Oˆ1 = −ξc
ξt
(c¯Lβγ
µbLα)(d¯LαγµcLβ)
− ξu
ξt
(u¯Lβγ
µbLα)(d¯LαγµuLβ),
Oˆ2 = −ξc
ξt
(c¯Lαγ
µbLα)(d¯LβγµcLβ)
− ξu
ξt
(u¯Lαγ
µbLα)(d¯LβγµuLβ), (15)
with the rest of the operators (Oˆj ; j = 3...8)
defined like their counterparts Oj in Heff (b →
s), with the obvious replacement s → d. With
this choice, the matching conditions Cj(mW ) and
the solutions of the RG equations yielding Cj(µ)
become identical for the two operator bases Oj
and Oˆj . The essential difference between Γ(B →
Xs + γ) and Γ(B → Xd + γ) lies in the matrix
elements of the first two operators O1 and O2 (in
Heff (b → s)) and Oˆ1 and Oˆ2 (in Heff (b → d)).
The branching ratio B(B → Xd + γ) in the SM
(including both the SD- and LD-contributions)
can be written as:
B(B → Xd + γ) = D1λ2
{(1− ρ)2 + η2 − (1− ρ)D2 − ηD3 +D4},(16)
where the functions Di depend on various param-
eters such as mt,mb,mc, µ, and αs. These func-
tions were calculated in the LL approximation in
[21] and since then their estimates have been im-
proved in [35], making use of the NLO calcula-
tions discussed earlier. We shall assume, based
on the calculations in [29–31], that the LD con-
tributions are small. Once the decay B → Xd+γ
has been measured, the branching ratio can be
solved in terms of the CKM-Wolfenstein param-
eters ρ and η.
6To get an estimate of the inclusive branching
ratio for B → Xd+γ, the CKM parameters ρ and
η have to be constrained from the unitarity fits.
The present experimental and theoretical input
have been summarized in [37]. The resulting (ρ
- η) contour is shown in Fig. 1 and the values
of the input theoretical parameters such as the
pseudoscalar coupling constant fBd and the bag
constants BK and BBd are indicated on top of
this figure. The fit yields the following ranges (at
95% C.L.) [37]:
0.20 ≤ η ≤ 0.52,
−0.35 ≤ ρ ≤ 0.35 . (17)
Including the current lower bound from LEP
on the B0s - B
0
s mass difference expressed as
∆Ms/∆Md > 19.0 [27], one gets further con-
straints on ρ, with η remaining practically unal-
tered. This is shown through the three concentric
curves in this figure, which depend on the SU(3)-
breaking parameter ξs = fBsBˆBs/fBdBˆBd . Us-
ing the least restrictive of the three values for ξs
shown in Fig. 1, namely ξs = 1.1, the allowed
range for ρ is reduced to −0.25 ≤ ρ ≤ 0.35. The
Figure 1. Constraints in ρ-η space from the LEP
bound ∆Ms/∆Md > 19.0. The bounds are pre-
sented for 3 choices of the SU(3)-breaking param-
eter: ξ2s = 1.21 (dotted line), 1.32 (dashed line)
and 1.44 (solid line). In all cases, the region to
the left of the curve is ruled out. (Figure taken
from [37].)
Figure 2. Allowed region of the CP-violating
quantities sin 2α and sin 2β resulting from the
CKM fits shown in Fig. 1 including the constraint
∆Ms/∆Md > 19.0 with ξ
2
s = 1.21. (Figure based
on [37].)
preferred CKM-fit values are (ρ, η) = (0.05, 0.36)
(the unitarity triangle corresponding to these val-
ues is drawn in Fig. 1), for which one gets [35]
B(B → Xd + γ) = 1.63× 10−5. (18)
Allowing the CKM parameters to vary over the
entire allowed domain, one gets
6.0× 10−6 ≤ B(B → Xd + γ) ≤ 2.8× 10−5. (19)
The functional dependence of B(B → Xd + γ)
on the CKM parameters is mathematically dif-
ferent than that of ∆Md/∆Ms. However, qual-
itatively, the constraints from the measurements
of ∆Md/∆Ms and B → Xd + γ are very sim-
ilar. From the experimental point of view, the
situation ρ < 0 is favourable for both the mea-
surements of B → Xd + γ and ∆Ms.
We note en passant that the LEP bound on
the B0s - B
0
s mass difference marginally constrains
the otherwise allowed CP-asymmetries in B de-
cays. The resulting (sin 2α - sin 2β) correla-
tion is shown in Fig. 2. A comparison with the
corresponding correlation obtained without the
LEP ∆Ms/∆Md-constraint reveals that the cusp
around sin 2β = 0.4 is now largely gone, but oth-
erwise the allowed (sin 2α - sin 2β) regions are
7practically the same as in earlier estimates (see
[37]).
5. CKM-suppressed exclusive decays
B(B → V + γ)
Exclusive radiative B decays B → V + γ, with
V = K∗, ρ, ω, are also potentially very interesting
from the point of view of determining the CKM
parameters [33]. The extraction of these param-
eters would, however, involve a trustworthy es-
timate of the SD- and LD-contributions in the
decay amplitudes.
The SD-contribution in the exclusive decays
(B±, B0) → (K∗±,K∗0) + γ, (B±, B0) →
(ρ±, ρ0) + γ, B0 → ω + γ and the correspond-
ing Bs decays, Bs → φ + γ, and Bs → K∗0 + γ,
involve the magnetic moment operator O7 and
the related one obtained by the obvious change
s → d, Oˆ7. The transition form factors govern-
ing the radiative B decays B → V + γ can be
generically defined as:
〈V, λ|1
2
ψ¯σµνq
νb|B〉 = iǫµνρσe(λ)ν pρBpσV FB→VS (0).(20)
Here V is a vector meson with the polarization
vector e(λ), V = ρ, ω,K∗ or φ; B is a generic B-
meson B±, B0 or Bs, and ψ stands for the field
of a light u, d or s quark. The vectors pB, pV
and q = pB−pV correspond to the 4-momenta of
the initial B-meson and the outgoing vector me-
son and photon, respectively. In (20) the QCD
renormalization of the ψ¯σµνq
νb operator is im-
plied. Keeping only the SD-contribution leads
to obvious relations among the exclusive decay
rates, exemplified here by the decay rates for
(B±, B0)→ ρ+ γ and (B±, B0)→ K∗ + γ:
Γ((B±, B0)→ (ρ±, ρ0) + γ)
Γ((B±, B0)→ (K∗±,K∗0) + γ) =
|ξt|2
|λt|2
|FB→ρS (0)|2
|FB→K∗S (0)|2
Φu,d ≃ κu,d
[ |Vtd|
|Vts|
]2
,(21)
where Φu,d is a phase-space factor which in
all cases is close to 1 and κi ≡ [FS(Bi →
ργ)/FS(Bi → K∗γ)]2.
The LD-amplitudes in radiative B decays from
the light quark intermediate states necessarily in-
volve other CKM matrix elements. Hence, the
simple factorization of the decay rates in terms
of the CKM factors involving |Vtd| and |Vts| no
longer holds thereby invalidating the relation (21)
given above. In the decays B → V + γ they
are induced by the matrix elements of the four-
Fermion operators Oˆ1 and Oˆ2 (likewise O1 and
O2). Estimates of these contributions require
non-perturbative methods, which have been stud-
ied in [38,39] in conjunction with the light-cone
QCD sum rule approach to calculate both the
SD and LD — parity conserving and parity vi-
olating — amplitudes in the decays (B±, B0) →
(ρ±, ρ/ω) + γ. To illustrate this, we concentrate
on the B± decays, B± → ρ±+ γ and take up the
neutral B decays B0 → ρ(ω) + γ at the end.
The LD-amplitude of the four-Fermion oper-
ators Oˆ1, Oˆ2 is dominated by the contribution
of the weak annihilation of valence quarks in the
B meson and it is color-allowed for the decays
of charged B± mesons. Using factorization, the
LD-amplitude in the decay Bu → ρ± + γ can be
written in terms of the form factors FL1 and F
L
2 ,
Along = −eGF√
2
VubV
∗
ud
(
C2 +
1
Nc
C1
)
mρε
(γ)
µ ε
(ρ)
ν
×
{
− i
[
gµν(q · p)− pµqν
]
· 2FL1 (q2)
+ ǫµναβpαqβ · 2FL2 (q2)
}
. (22)
Again, one has to invoke a model to calculate the
form factors. The parity-conserving and parity-
violating amplitudes turn out to be numerically
close to each other in the QCD sum rule approach,
FL1 ≃ FL2 ≡ FL, hence the ratio of the LD- and
the SD- contributions reduces to a number [39]
Along/Ashort = RB
±
→ρ±γ
L/S ·
VubV
∗
ud
VtbV ∗td
. (23)
Using C2 = 1.10, C1 = −0.235, Ceff7 = −0.306
from Ref. [14] (corresponding to the scale µ = 5
GeV) gives:
RB
±
→ρ±γ
L/S ≡
4π2mρ(C2 + C1/Nc)
mbC
eff
7
· F
B±→ρ±γ
L
FB
±→ρ±γ
S
= − 0.30± 0.07 , (24)
which is not small. To get a ball-park estimate of
the ratio Along/Ashort, we take the central value
8from the CKM fits, yielding |Vub|/|Vtd| ≃ 0.33
[37],
|Along/Ashort|B
±
→ρ±γ = |RB±→ρ±γL/S |
|VubVud|
|VtdVtb|
≃ 10% . (25)
Thus, the CKM factors suppress the LD-
contributions.
The analogous LD-contributions to the neutral
B decays B0 → ργ and B0 → ωγ are expected to
be much smaller. The corresponding form factors
for the decaysB0 → ρ0(ω)γ are obtained from the
ones for the decay B± → ρ±γ discussed above
by the replacement of the light quark charges
eu → ed, which gives the factor −1/2; in addition,
and more importantly, the LD-contribution to the
neutral B decays is colour-suppressed, which re-
flects itself through the replacement of the factor
a1 by a2. This yields for the ratio
RB
0
→ργ
L/S
RB
±→ρ±γ
L/S
=
eda2
eua1
≃ −0.13± 0.05, (26)
where the numbers are based on using a2/a1 =
0.27±0.10 [40]. This would then yield RB0→ργL/S ≃
RB
0
→ωγ
L/S = 0.05, which in turn gives
AB0→ργlong
AB0→ργshort
≤ 0.02. (27)
This, as well as the estimate in eq. 25, should be
taken only as indicative in view of the approxi-
mations made in [38,39]. That the LD-effects re-
main small in B0 → ργ has been supported in a
recent analysis based on the soft-scattering of on-
shell hadronic decay products B0 → ρ0ρ0 → ργ
[41], though this paper estimates them somewhat
higher (between 4− 8%).
The relations, which obtain ignoring LD-
contributions and using isospin invariance,
Γ(B± → ρ±γ) = 2 Γ(B0 → ρ0γ) = 2 Γ(B0 → ωγ) ,(28)
get modified due to the LD-contributions to
Γ(B± → ρ±γ)
2Γ(B0 → ργ) =
Γ(B± → ρ±γ)
2Γ(B0 → ωγ)
=
∣∣∣∣1 +RB±→ρ±γL/S VubV ∗udVtbV ∗td
∣∣∣∣
2
=
= 1 + 2 · RL/SVud
ρ(1− ρ)− η2
(1− ρ)2 + η2
+ (RL/S)
2V 2ud
ρ2 + η2
(1− ρ)2 + η2 , (29)
where RL/S ≡ RB
±
→ρ±γ
L/S . The ratio Γ(B
± →
ρ±γ)/2Γ(B0 → ργ)(= Γ(B± → ρ±γ)/2Γ(B0 →
ωγ)) is shown in Fig. 3 as a function of the param-
eter ρ, with η = 0.2, 0.3 and 0.4. This suggests
that a measurement of this ratio would constrain
the Wolfenstein parameters (ρ, η), with the de-
pendence on ρ more marked than on η. In partic-
ular, a negative value of ρ leads to a constructive
interference in Bu → ργ decays, while large posi-
tive values of ρ give a destructive interference.
The ratio of the CKM-suppressed and CKM-
allowed decay rates for charged B mesons gets
modified due to the LD contributions. Following
earlier discussion, we ignore the LD-contributions
in Γ(B → K∗γ). The ratio of the decay rates in
question can therefore be written as:
Γ(B± → ρ±γ)
Γ(B± → K∗±γ) = κuλ
2[(1− ρ)2 + η2]
×
{
1 + 2 ·RL/SVud
ρ(1− ρ)− η2
(1− ρ)2 + η2
+ (RL/S)
2V 2ud
ρ2 + η2
(1− ρ)2 + η2
}
, (30)
The dependence of this ratio on η is weak but
more marked on ρ. The effect of the LD-
contributions is modest but not negligible, intro-
ducing an uncertainty comparable to the ∼ 15%
uncertainty in the overall normalization due to
the SU(3)-breaking effects in the quantity κu.
Neutral B-meson radiative decays are less-
prone to the LD-effects, as argued above, and
hence one expects that to a good approximation
(say, better than 10%) the ratio of the decay rates
for neutral B meson obtained in the approxima-
tion of SD-dominance remains valid [33]:
Γ(B0 → ργ, ωγ)
Γ(B → K∗γ) = κdλ
2[(1− ρ)2 + η2] , (31)
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Figure 3. Ratio of the neutral and charged B-
decay rates Γ(B± → ρ±γ)/2Γ(B0 → ργ) as a
function of the Wolfenstein parameter ρ, with η =
0.2 (short-dashed curve), η = 0.3 (solid curve),
and η = 0.4 (long-dashed curve). (Figure taken
from [39].)
where this relation holds for each of the two decay
modes separately.
Finally, combining the estimates for the LD-
and SD-form factors in [39] and [33], respectively,
and restricting the Wolfenstein parameters in the
range −0.25 ≤ ρ ≤ 0.35 and 0.2 ≤ η ≤ 0.4, as
suggested by the CKM-fits [37], we give the fol-
lowing ranges for the absolute branching ratios:
B(B± → ρ±γ) = (1.5± 1.1)× 10−6 ,
B(B0 → ργ) ≃ B(B0 → ωγ)
= (0.65± 0.35)× 10−6 , (32)
where we have used the experimental value for
the branching ratio B(B → K∗ + γ) [11], adding
the errors in quadrature. The large error reflects
the poor knowledge of the CKM matrix elements
and hence experimental determination of these
branching ratios will put rather stringent con-
straints on the Wolfenstein parameter ρ.
In addition to studying the radiative penguin
decays of the B± and B0 mesons discussed above,
hadron machines such as HERA-B will be in a
position to study the corresponding decays of the
B0s meson and Λb baryon, such as B
0
s → φ + γ
and Λb → Λ + γ, which have not been measured
so far. We list below the branching ratios in a
number of interesting decay modes calculated in
the QCD sum rule approach in [33].
B(Bs → φγ) = (4.9± 2.0)× 10−5 ,
B(Bs → K∗γ)
B(Bd → K∗γ) ≃ (0.36± 0.14)
( |Vtd|
|Vts|
)2
=⇒ B(Bs → K∗γ) = (1.0± 0.6)× 10−6 , (33)
where we have used B(Bs → φγ) = B(Bd →
K∗γ).
The branching ratio of the exclusive decay
Λb → Λ + γ has been estimated recently using
heavy quark symmetry and assumptions about
the q2-dependence of the form factors [42], yield-
ing
B(Λb → Λ + γ) = (1.0− 4.5)× 10−5 . (34)
The estimated branching ratios in a number of
inclusive and exclusive radiative B decay modes
are given in Table 1.
6. Inclusive rare decays B → Xsℓ+ℓ− in the
SM
The decaysB → Xsℓ+ℓ− , with ℓ = e, µ, τ , pro-
vide a more sensitive search strategy for finding
new physics in rareB decays than for example the
decay B → Xsγ , which constrains the magnitude
of Ceff7 . The sign of C
eff
7 , which depends on the
underlying physics, is not determined by the mea-
surement of B(B → Xs + γ). This sign, which in
our convention is negative in the SM, is in general
model dependent. It is known (see for example
[43]) that in SUSY models, both the negative and
positive signs are allowed as one scans over the al-
lowed SUSY parameter space. The B → Xsℓ+ℓ−
amplitude in the standard model has in addition
to the coefficient Ceff7 two additional terms, aris-
ing from the two FCNC four-Fermi operators 1.
Calling their coefficients C9 and C10, it has been
argued in [43] that the signs and magnitudes of all
three coefficients Ceff7 , C9 and C10 can, in princi-
ple, be determined from the decays B → Xs + γ
and B → Xsℓ+ℓ− .
The SM-based rates for the decay b→ sℓ+ℓ− ,
calculated in the free quark decay approximation,
have been known in the LO approximation for
some time [44]. The LO calculations have the un-
pleasant feature that the decay distributions and
1This also holds for a large class of models such as MSSM
and the two-Higgs doublet models but not for all SM-
extensions. In LR symmetric models, for example, there
are additional FCNC four-Fermi operators involved [49].
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rates are scheme-dependent. The required NLO
calculation is in the meanwhile available, which
reduces the scheme-dependence of the LO effects
in these decays [45]. In addition, long-distance
(LD) effects, which are expected to be very im-
portant in the decay B → Xsℓ+ℓ− , have also
been estimated from data on the assumption that
they arise dominantly due to the charmonium res-
onances J/ψ and ψ′ through the decay chains
B → XsJ/ψ(ψ′, ...) → Xsℓ+ℓ−. Likewise, the
leading (1/mb
2) power corrections to the partonic
decay rate and the dilepton invariant mass distri-
bution have been calculated with the help of the
operator product expansion in the effective heavy
quark theory [46]. The results of [46] have, how-
ever, not been confirmed in a recent independent
calculation [47], which finds that the power cor-
rections in the branching ratio B(B → Xsℓ+ℓ−)
are small (typically −1.5%). The corrections in
the dilepton mass spectrum and the FB asymme-
try are also small over a good part of this spec-
trum. However, the end-point dilepton invari-
ant mass spectrum is not calculable in the heavy
quark expansion and will have to be modeled.
Non-perturbative effects in B → Xsℓ+ℓ− have
been estimated using the Fermi motion model in
[48]. These effects are found to be small except
for the end-point dilepton mass spectrum where
they change the underlying parton model distri-
butions significantly and have to be taken into
account in the analysis of data [47].
The amplitude for B → Xsℓ+ℓ− is calculated
in the effective theory approach, which we have
discussed earlier, by extending the operator basis
of the effective Hamiltonian introduced in Eq. (5):
Heff (b→ s+ γ; b→ s+ ℓ+ℓ−) =
Heff (b→ s+ γ)− 4GF√
2
V ∗tsVtb [C9O9 + C10O10] ,
(35)
where the two additional operators are:
O9 = α
4π
s¯αγ
µPLbαℓ¯γµℓ,
O10 = α
4π
s¯αγ
µPLbαℓ¯γµγ5ℓ . (36)
The analytic expressions for C9(mW ) and
C10(mW ) can be seen in [45] and will not be given
here. We recall that the coefficient C9 in LO is
scheme-dependent. However, this is compensated
by an additional scheme-dependent part in the
(one loop) matrix element of O9. We call the sum
Ceff9 , which is scheme-independent and enters in
the physical decay amplitude given below,
M(b→ s+ ℓ+ℓ−) = 4GF√
2
V ∗tsVtb
α
π
M,
M = Ceff9 s¯γµPLbℓ¯γµℓ+ C10s¯γµPLbℓ¯γµγ5ℓ
− 2Ceff7 s¯iσµν
qν
q2
(mbPR +msPL)bℓ¯γ
µℓ,
(37)
with
Ceff9 (sˆ) ≡ C9η(sˆ) + Y (sˆ). (38)
The function Y (sˆ) is the one-loop matrix element
of O9 and can be seen in literature [45,14]. A
useful quantity is the differential FB asymmetry
in the c.m.s. of the dilepton defined in refs. [50]:
dA(sˆ)
dsˆ
=
∫ 1
0
dB
dz
−
∫ −1
0
dB
dz
, (39)
where z = cos θ, with θ being the angle between
the lepton ℓ+ and the b-quark. This can be ex-
pressed as:
dA(sˆ)
dsˆ
= −Bsl 3α
2
4π2
1
f(mˆc)
u2(sˆ)
C10
[
sˆℜ(Ceff9 (sˆ)) + 2Ceff7 (1 + mˆ2s)
]
.(40)
The Wilson coefficients Ceff7 , C
eff
9 and C10 ap-
pearing in the above equation and the dilepton
spectrum can be determined from data by solv-
ing the partial branching ratio B(∆sˆ) and partial
FB asymmetry A(∆sˆ), where ∆sˆ defines an in-
terval in the dilepton invariant mass [43].
There are other quantities which one can mea-
sure in the decays B → Xsℓ+ℓ− to disentangle
the underlying dynamics. We mention here the
longitudinal polarization of the lepton in B →
Xsℓ
+ℓ− , in particular inB → Xsτ+τ−, proposed
by Hewett [51]. In a recent paper, Kru¨ger and Se-
hgal [52] have stressed that complementary infor-
mation is contained in the two orthogonal compo-
nents of polarization (PT , the component in the
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decay plane, and PN , the component normal to
the decay plane), both of which are proportional
to mℓ/mb, and therefore significant for the τ
+τ−
channel.
Next, we discuss the effects of LD contribu-
tions in the processes B → Xsℓ+ℓ−. Note that
the LD contributions due to the vector mesons
such as J/ψ and ψ′, as well as the continuum
cc¯ contribution already discussed, appear as an
effective (s¯LγµbL)(ℓ¯γ
µℓ) interaction term only,
i.e. in the operator O9. This implies that the
LD-contributions should change C9 effectively,
C7 as discussed earlier is dominated by the SD-
contribution, and C10 has no LD-contribution.
In accordance with this, the function Y (sˆ) is re-
placed by,
Y (sˆ)→ Y ′(sˆ) ≡ Y (sˆ) + Yres(sˆ), (41)
where Yres(sˆ) is given as [50],
Yres(sˆ) =
3
α2
κ (3C1 + C2 + 3C3 + C4 + 3C5 + C6)
×
∑
Vi=J/ψ,ψ′,...
πΓ(Vi → l+l−)MVi
M2Vi − sˆm2b − iMViΓVi
, (42)
where κ is a fudge factor, which appears due
to the inadequacy of the factorization framework
in describing data on B → J/ψXs. The long-
distance effects lead to significant interference ef-
fects in the dilepton invariant mass distribution in
B → Xsℓ+ℓ− shown in Figs. 4 (likewise in the FB
asymmetry). This can be used to test the SM, as
the signs of the Wilson coefficients in general are
model dependent. For further discussions we re-
fer to Ref. [47] where also theoretical dispersion
on the decay distributions due to various input
parameters is worked out.
Taking into account the spread in the values
of the input parameters, µ, Λ, mt, and BSL dis-
cussed in the previous section in the context of
B(B → Xs+γ), we estimate the following branch-
ing ratios for the SD-piece only (i.e., from the
intermediate top quark contribution only) [47]:
B(B → Xse+e−) = (8.4± 2.3)× 10−6,
B(B → Xsµ+µ−) = (5.7± 1.2)× 10−6,
B(B → Xsτ+τ−) = (2.6± 0.5)× 10−7, (43)
Figure 4. Dilepton invariant mass distribution in
B → Xsℓ+ℓ− in the SM including next-to-leading
order QCD correction and LD effects. The solid
curve corresponds to the parton model and the
short-dashed and long-dashed curves correspond
to including the Fermi motion effects. The values
of the Fermi motion model are indicated in the
figure. (Figure taken from [47]).
where theoretical errors and the error on BSL
have been added in quadrature. The present ex-
perimental limit for the inclusive branching ratio
in B → Xsℓ+ℓ− is actually still the one set by the
UA1 collaboration some time ago [53], namely
B(B → Xsµ+µ−) > 5.0 × 10−5. As far as we
know, there are no interesting limits on the other
two modes, involving Xse
+e− and Xsτ
+τ−.
The experimental limits on the decay rates of
the exclusive decays B → (K,K∗)ℓ+ℓ− [40,54],
while arguably closer to the SM-based estimates,
can only be interpreted in specific models of form
factors, which hinders somewhat their transcrip-
tion in terms of the information on the underly-
ing Wilson coefficients. Using the exclusive-to-
inclusive ratios
RK(∗)ℓℓ ≡ Γ(B → K(∗)ℓ+ℓ−)/Γ(B → Xsℓ+ℓ−) ,(44)
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which were estimated in [55] to be
RKℓℓ = 0.07± 0.02 , (45)
RK∗ℓℓ = 0.27± 0.0.07 , (46)
the results are presented in Table 1.
In conclusion, the semileptonic FCNC decays
B → Xsℓ+ℓ− (and also the exclusive decays) will
provide very precise tests of the SM, as they will
determine the signs and magnitudes of the three
Wilson coefficients, C7, C
eff
9 and C10. We note
that both the dilepton mass distribution and the
FB asymmetry are sensitive to non-SM effects.
The case of SUSY was first studied in the clas-
sic paper on this subject by Bertolini et al. [56].
Since then, more detailed studies have been re-
ported in the literature [43,57]. For a recent up-
date of the SUSY effects in B → Xsℓ+ℓ−, we refer
to [58] in which it is shown that the distributions
in this decay may be distorted significantly above
the SM-related uncertainties, even if the inclusive
decay rates are not significantly effected. Based
on this and earlier studies along the same lines, it
is conceivable that the FCNC decay B → Xsℓ+ℓ−
may open a window on new physics.
7. Summary and overview of rare B decays
in the SM
The rare B decay mode B → Xsνν¯, and some
of the exclusive channels associated with it, have
comparatively larger branching ratios. The es-
timated inclusive branching ratio in the SM is
[55,59,60]:
B(B → Xsνν¯) = (4.0± 1.0)× 10−5 , (47)
where the main uncertainty in the rates is due to
the top quark mass. The scale-dependence, which
enters indirectly through the top quark mass, has
been brought under control through the NLL cor-
rections, calculated in [61]. The corresponding
CKM-suppressed decay B → Xdνν¯ is related by
the ratio of the CKMmatrix element squared [55]:
B(B → Xdνν¯)
B(B → Xsνν¯) =
[ |Vtd|
|Vts|
]2
. (48)
Similar relations hold for the ratios of the exclu-
sive decay rates which depend additionally on the
ratios of the form factors squared, which devi-
ate from unity through SU(3)-breaking terms, in
close analogy with the exclusive radiative decays
discussed earlier. These decays are particularly
attractive probes of the short-distance physics, as
the long-distance contributions are practically ab-
sent in such decays. Hence, relations such as the
one in (48) provide, in principle, one of the best
methods for the determination of the CKM ma-
trix element ratio |Vtd|/|Vts| [55]. From the prac-
tical point of view, however, these decay modes
are rather difficult to measure, in particular at the
hadron colliders. The present best upper limit
stems from ALEPH collaboration [62]:
B(B → Xνν¯) < 7.7× 10−4. (49)
The estimated branching ratios in a number of
inclusive and exclusive decay modes are given in
Table 1, updating the estimates in [14].
Further down the entries in Table 1 are listed
some two-body rare decays, such as (B0s , B
0
d) →
γγ, studied in [63], where only the lowest or-
der contributions are calculated, i.e., without any
QCD corrections, and the LD-effects, which could
contribute significantly, are neglected. The de-
cays (B0s , B
0
d) → ℓ+ℓ− have been studied in
the next-to-leading order QCD in [61]. Some
of them, in particular, the decays B0s → µ+µ−
and perhaps also the radiative decay B0s → γγ,
have a fighting chance to be measured at LHC.
The estimated decay rates, which depend on
the pseudoscalar coupling constant fBs (for Bs-
decays) and fBd (for Bd-decays), together with
the present experimental bounds are listed in Ta-
ble 1. Since no QCD corrections have been in-
cluded in the rate estimates of (Bs, Bd) → γγ,
the branching ratios are rather uncertain. The
constraints on beyond-the-SM physics that will
eventually follow from these decays are qualita-
tively similar to the ones that (would) follow from
the decays B → Xs+ γ and B → Xsℓ+ℓ−, which
we have discussed at length earlier.
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Table 1
Estimates of the branching fractions for some FCNC B decays in the SM and comparison with experiments
Decay Modes B(SM) Measurements and 90% C.L. Upper Limits
(B±, B0)→ Xsγ (3.28± 0.33)× 10−4 (2.32± 0.67)× 10−4 [10]
(B±, B0)→ K∗γ (4.9± 2.0)× 10−5 (4.2± 1.0)× 10−5 [12]
(B±, B0)→ Xdγ (1.6± 1.2)× 10−5 –
B± → ρ± + γ (1.5± 1.1)× 10−6 < 1.1× 10−5 [12]
B0 → ρ0 + γ (0.65± 0.35)× 10−6 < 3.9× 10−5 [12]
B0 → ω + γ (0.65± 0.35)× 10−6 < 1.3× 10−5 [12]
Bs → φ+ γ (4.9± 2.0)× 10−5 < 2.9× 10−4 [64]
Bs → K∗ + γ (1.0± 0.6)× 10−6 –
Λb → Λ + γ (2.75± 1.75)× 10−5 < 5.6× 10−4 [64]
(Bd, Bu)→ Xse+e− (8.4± 2.2)× 10−6 –
(Bd, Bu)→ Xde+e− (4.9± 2.9)× 10−7 –
(Bd, Bu)→ Xsµ+µ− (5.7± 1.2)× 10−6 < 3.6× 10−5 [66]
(Bd, Bu)→ Xdµ+µ− (3.3± 1.9)× 10−7 –
(Bd, Bu)→ Xsτ+τ− (2.6± 0.5)× 10−7 –
(Bd, Bu)→ Xdτ+τ− (1.5± 0.8)× 10−8 –
(Bd, Bu)→ Ke+e− (5.9± 2.3)× 10−7 < 1.2× 10−5 [54]
(Bd, Bu)→ Kµ+µ− (4.0± 1.5)× 10−7 < 0.9× 10−5 [54]
(Bd, Bu)→ Kµ+µ− (4.0± 1.5)× 10−7 < 0.9× 10−5 [54]
(Bd, Bu)→ K∗e+e− (2.3± 0.9)× 10−6 < 1.6× 10−5 [54]
(Bd, Bu)→ K∗µ+µ− (1.5± 0.6)× 10−6 < 2.5× 10−5 [65]
(Bd, Bu)→ Xs νν¯ (4.0± 1.0)× 10−5 < 7.7× 10−4 [62]
(Bd, Bu)→ Xd νν¯ (2.3± 1.5)× 10−6 –
(Bd, Bu)→ K νν¯ (3.2± 1.6)× 10−6 –
(Bd, Bu)→ K∗ νν¯ (1.1± 0.55)× 10−5 –
Bs → γγ (3.0± 1.0)× 10−7 < 1.1× 10−4 [67]
Bd → γγ (1.2± 0.8)× 10−8 < 3.8× 10−5 [67]
Bs → τ+τ− (7.4± 1.9)× 10−7 –
Bd → τ+τ− (3.1± 1.9)× 10−8 –
Bs → µ+µ− (3.5± 1.0)× 10−9 < 1.8× 10−6 [65]
Bd → µ+µ− (1.5± 0.9)× 10−10 < 6.1× 10−7 [65]
Bs → e+e− (8.0± 3.5)× 10−14 –
Bd → e+e− (3.4± 2.3)× 10−15 –
